Abstract. We present a new approach for anomaly detection in the context of visual surface inspection. In contrast to existing, purely appearance-based approaches, we explicitly integrate information about the object geometry. The method is tested using the example of wire rope inspection as this is a very challenging problem.
Introduction
Automatic surface inspection is a research area of rising interest. It is an important problem as the inspection task is an exhausting and monotonous work for a human with high quality claims on the other hand. In addition, surface analysis in general is a difficult problem, as the visual appearance of surfaces is highly subjected to various kinds of noise and changing lighting conditions.
A good example for such a task is the visual inspection of wire ropes. This is a very important problem, as damaged ropes pose a risk for the human life. Furthermore, the long, heavy ropes cannot be unmounted, are often contaminated with e.g mud or oil and their material is highly reflective. In consequence, the surface appearance of an intact rope exhibits various characteristics. In contrast, defects in the surface structure are often very small and inconspicuous. Some examples for typical surface defects are displayed in the upper images of Fig. 5 . Due to the high intra-class variability and the poor inter-class separability, a discrimination between defect and normal appearance variation is a difficult problem.
Furthermore, a common problem of visual inspection tasks is the limited amount of available defective samples which hinders a supervised learning. For this reason, anomaly detection techniques [1, 4] , also known as one-class classification [9] have been used in the past for defect detection in material surfaces [8, 11] . In general, these approaches are highly dependent on their choice of features used to represent the intact class. Platzer et al [7] compared the performance of different textural features for the problem of defect detection in wire rope surfaces. Their results underline the importance of context information for the problem of surface defect detection, especially with respect to the complex structure of wire ropes. In [6] Platzer et al focused on contextual anomaly detection by modeling the intact class with help of Hidden Markov Models. Haase et al [2] diagnosed contextual anomalies in the rope surface with help of an autoregressive model which predicts the intact surface appearance given its neighborhood. Nevertheless, no approach achieves the accuracy of a human inspector.
We state that the main reason for this is the lack of geometrical context in these purely appearance-based approaches. Therefore, we present a model-based approach for visual surface inspection. By fusing a geometrical structure model with a statistical appearance model we achieve a much better discrimination between a real defect and normal appearance variations. In a first step the model geometry is estimated in an image-based manner with help of a perfectly regular 3d rope model introduced recently by Wacker and Denzler [10] . In contrast to our work, they used this model to monitor important rope parameters but they did not address the problem of rope surface defect detection. We introduce a statistical appearance model which is linked to the geometric constraints implied by the rope structure. This allows a description of the surface appearance dependent on the position in the rope. Our method is data-driven and purely image-based. Moreover, we have no need for calibration information with respect to camera positions or the illumination setting.
The remainder of this paper is structured as follows: in section 2 the 3d model and the geometry estimation are summarized. Section 3 explains how this structural model can be linked to an statistical appearance model based on the rendering equation, which gives a physical explanation for light transport. Finally, section 4 turns to the problem of anomaly detection for defect analysis. A special focus will be laid on a validation strategy, which normalizes the learned appearance model with respect to small inaccuracies, which result from the geometry estimation step. Our experimental evaluation on real-world rope data is provided in section 5. Finally, conclusions are given in section 6.
Geometric Rope Model
To estimate the rope geometry from 2d rope images, we use the framework described recently by Wacker and Denzler [10] . Their approach focuses on the image-based monitoring of important rope parameters and is not suitable for the automatic detection of surface defects.
A rope has a hierarchical structure composed of J strands S j which comprise I wires W i . A wire centerline W i,j of wire i in strand j for the time step t can
